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The output power of a PV cell (also called solar cell) is dependent on the solar irradiance level and temperature. Figure 1 shows PV cell output currentvoltage and power-voltage characteristics under different solar irradiance levels ( Figure 1a ) and temperatures (Figure 1b) , where G STC ¼ 1000 W=m 2 stands for the solar irradiance level under standard test condition [2] . On the PV cell output currentvoltage curves, the solid black dots represent the maximum power points (MPPs) of a PV cell, which correspond to the peak power points on the PV cell output power-voltage curves. The maximum output power of a PV cell increases as solar irradiance increases and temperature decreases. Figure 2 shows a typical PV system architecture, which comprises a PV panel, a charger, and a load device (a battery used to store harvested energy). The PV panel consists of N Â M ð¼ 4 Â 4Þ identical PV cells, where M PV cells are connected in parallel to form a PV cell group and N PV cell groups are connected in series to form the whole panel. If all of the PV cells in the panel simultaneously operate at their MPPs, the PV panel achieves the maximum output power. The maximum power point tracking (MPPT) technique can adaptively adjust the output current of the PV panel to ensure that the panel produces the maximum output power under varying solar irradiance and temperature conditions [3] . The charger is implemented using a dc-dc switching converter [4] . The input ports of the charger are connected to the PV panel, whereas its output ports are connected to the battery. The power consumption of the charger is reduced when the input and output voltages of the charger are close, and the charger output current is within some range.
PV cell faults in a PV system are caused by contact failure, corrosion of wire, hail impact, moisture, etc. [5] . Firth et al. [6] conducted a two-year monitoring study of 27 PV systems and recorded the annual occurrence rates of PV cell faults in the range of 1.1%-11.7%. Due to the increasing number of orbital debris, the fault occurrence rate on PV systems in space is even higher [7] . A PV cell fault is equivalent to an open circuit at the PV cell position. A PV cell fault leads to a reverse bias on the other PV cells in the same PV cell group. This results in creation of hot spots in the PV panel, which can give rise to even more PV cell faults. Integration of bypass Editor's notes: Photovoltaic (PV) array systems are green sources of energy with low carbon-footprint essential for a possible future independent of fossil fuels. When some of the PV cells in an array become defective though, it can lead to lower output power and shorter lifespan for the system. This article presents design principles and runtime control algorithms for a fault-tolerant PV array, which can detect and bypass PV cell faults in situ without manual interventions.
VMircea R. Stan, University of Virginia diodes with PV cells can solve the reverse bias problem [8] , a technique that we also employ. However, bypass diodes do not address the severe output power degradation of the PV system due to PV cell faults. In particular, the output power loss due to faulty PV cells is much higher than what one expects by a simple counting of healthy and faulty cell numbers. For example, for the 4 Â 4 PV panel in Figure 2 , with one PV cell fault, simple counting argument would indicate an output power degradation of 1/16 ¼ 6.25%. In reality, the output power degradation due to one PV cell fault is 16.5%, because PV cells in a PV panel cannot continue to work at their MPPs when the balanced structure of a PV panel is broken by the faults.
Unfortunately, manual fault detection and elimination are expensive and almost impossible for remote PV systems (e.g., PV systems in orbital or deep space missions). Therefore, it is necessary to design a fault-tolerant PV system in the sense that an embedded system controller can dynamically detect and bypass PV cell faults.
Fault-tolerant PV systems are desirable for longer service life of PV systems. Several PV cell fault diagnosis techniques have been proposed [9] [10] [11] . While these techniques can detect the PV cell faults, they need additional equipment (e.g., signal generators) for fault diagnosis, cannot accurately locate faults on the panel, or lack an effective fault-bypassing mechanism. This is not surprising because these fault diagnosis t echniques are generally bounded by the fixed (nonprogrammable) structure of the PV panel.
Reconfigurable PV panel
This paper presents the design of a fault-tolerant PV system, utilizing a reconfigurable PV panel structure, as depicted in Figure 3a . We introduced this PV panel structure for combating the partial shading effect by realizing imbalanced PV cell connection topologies within the PV panel [12] . We propose to use this same reconfigurable PV panel structure for the fault detection and fault bypassing.
In the proposed reconfigurable PV panel structure, each PV cell except for the last one is integrated with two P-switches and one S-switch. Figure 3a shows the electrical connectivity of the PV cells and switches (rather than their actual locations within the panel). By controlling the on/off states of the switches, we can achieve the N Â M PV panel configuration for normal system operation. Figure 3b illustrates how to achieve the 4 Â 4 configuration in Figure 2 .
The PV panel for normal system operation is optimized such that the output voltage of the panel at its MPP matches the voltage of the battery. In this way, the charger consumes the least power, and the output power of the PV system is maximized. However, the MPP voltage of a PV cell may change due to aging, partial shading, and temperature variation. In these cases, we can reconfigure the PV panel to increase the PV system output power. For example, we can change from a 4 Â 4 configuration into an 8 Â 2 one. This reconfigurability enables more efficient PV system operation under various environmental conditions. More importantly, the reconfigurable PV panel enables us to perform fault detection and bypassing, as detailed next.
Reconfiguration for fault detection and fault bypassing
The objective of fault detection is to identify any PV cell faults in the PV panel. Fault bypassing aims at forming a new PV panel configuration to minimize the output power loss caused by PV cell faults. Consider a PV panel assuming an N Â M configuration during normal system operation. For fault detection, we may need to form a k Â M PV panel configuration ðk N Þ with a selected set of PV cells and measure their combined output power to determine whether a PV cell fault exists in this portion of PV panel. During fault bypassing, we may need to form an N opt Â M opt PV panel configuration to improve the system output power, where the faulty PV cells, and perhaps some healthy PV cells, are excluded from the new configuration ðN opt Â M opt G N Â MÞ.
Inactivating even healthy PV cells may become necessary in some cases of fault bypassing. For example, suppose we have 42 PV cells and one of them is faulty. We cannot form a good configuration with a prime number of 41 healthy PV cells such that the MPP voltage of this configuration matches with the battery voltage. Therefore, we would like to inactivate one healthy PV cell to have 40 active cells. Then, we are able to perform a 5 Â 8 or 8 Â 5 configuration to increase the PV system output power. The inactivated healthy PV cell may be used later if we encounter an additional PV cell fault.
We use Figure 4 as an example to illustrate how to effectively control the on/off states of the switches for fault detection and fault bypassing. PV cells 1, 5, and 16 are inactive healthy PV cells, and PV cell 8 is a faulty PV cell. The fault-detection and fault-bypassing algorithms for fault-tolerant PV systems are proposed based on the reconfigurable PV panel structure. The fault-detection algorithm can identify a PV cell fault with logarithmic time complexity or determine the nonexistence of a PV cell fault in Oð1Þ time. The fault-bypassing algorithm determines the optimal configuration of a PV panel, such that the PV system output power degradation due to PV cell faults can be minimized.
The fault-detection algorithm is executed every Át units of time. Át must be much smaller than the average fault occurrence time interval, which is in the order of days or months [6] , so that we can safely assume that at most one PV cell fault occurs during each time interval Át and the fault-detection algorithm only needs to detect at most one newly occurring fault at each execution. The faultdetection algorithm first compares the actual PV panel output power with the theoretical output power of the PV panel without any faults. If the difference is smaller than a prespecified error threshold, then there will exist no new fault, and the fault-detection algorithm will terminate in Oð1Þ time. Otherwise, the fault-detection algorithm will continue to find the fault, and the fault-bypassing algorithm will be executed. In most cases, the faultdetection algorithm will confirm the nonexistence of a new fault. Therefore, the computational overhead of the fault-detection and fault-bypassing algorithms is small. In practice, we have found that Át can be set to an hour.
Fault-detection algorithm
The basic step of the fault-detection algorithm is the Fault Existence Checking algorithm, which determines whether a PV cell fault exists in a set of k Â M PV cells. We track the maximum output power of the k Â M PV panel configuration using the charger in the PV system at step 3 of the Fault Existence Checking algorithm. In reality, k must be larger than or equal to a threshold value K min such that the output voltage of the k Â M PV panel configuration is high enough to properly drive the charger. This means that the Fault Existence Checking algorithm cannot run on a PV panel configuration smaller than K min Â M.
The fault-detection algorithm has two steps: first, determine at which row the faulty PV cell is located (row search); second, determine at which column the faulty PV cell is located (column search). To find the location of the potentially faulty PV cell in the N Â M PV panel, we first run the Fault Existence Checking algorithm on the whole PV panel. If it is confirmed that no PV cell fault exists, the fault-detection algorithm will terminate. Otherwise, the fault-detection algorithm will continue to find the location of the PV cell fault, as explained next.
We use Figure 5 to demonstrate how the row search and the column search proceed. In this example, N ¼ 4, M ¼ 4, and K min ¼ 2. For the row search, we bisect the PV panel into the first two rows (A1) and the remaining two rows (A2). We run the Fault Existence Checking algorithm on A1 and find out that A1 contains a faulty PV cell. Then, we bisect A1 into the first row (B1) and the second row (B2). The size of B1 is smaller than K min Â M. Therefore, we form a K min Â M ð2 Â 4Þ configuration from B1 along with the third row, which has been confirmed to contain only healthy PV cells, and subsequently, run the Fault Existence Checking algorithm on this configuration. We determine that B1 does not contain the faulty PV cell, and therefore, the faulty PV cell is within B2. Now we have located the row containing the faulty PV cell.
For the column search, we bisect B2 into PV cells 5 and 6 (C1) and PV cells 7 and 8 (C2). We run the Fault Existence Checking algorithm on C1 along with PV cells 3, 4, and 9-12 that are confirmed healthy. We pick these healthy PV cells, because in this way we can form a 2 Â 4 configuration, with PV cells 7 and 8 bypassed between the first PV cell group (PV cells 3-6) and the second PV cell group (PV cells 9-12). We find out that C1 does not contain the faulty PV cell, and therefore, C2 contains the faulty PV cell. We bisect C2 into PV cell 7 (D1) and PV cell 8 (D2). We form a 2 Â 4 configuration from D1 along with PV cells 4-6 and 9-12, and run the Fault Existence Checking algorithm on this configuration. We confirm that the faulty PV cell is PV cell 7, and thereby, conclude the column search.
Fault-bypassing algorithm
The fault-bypassing algorithm determines the optimal configuration of a PV panel, such that the PV system output power loss due to PV cell faults is minimized. We need to decide 1) the number of active healthy PV cells S, and 2) the optimal PV panel configuration N opt Â M opt ð¼ SÞ. Let us denote the number of factors of S by F ðSÞ. The maximum output power of a PV panel is approximately proportional to S, and an S value is preferred if F ðSÞ is larger, since we have more choices of PV panel configurations with this S value.
Assume that the PV panel has N Â M PV cells and L PV cell faults have been identified so far. Therefore, we have S max ¼ N Â M À L. First, we determine a set of candidate S values in ascending order, which satisfies S þ F ðSÞ ! S max þ F ðS max Þ. There are F ðSÞ possible configurations using S active healthy PV cells. Among these configurations, there exists an optimal configuration that provides maximum PV system output power P max ðSÞ. Based on the PV cell and charger model, we find the optimal S opt value by ternary search on the set of candidate S values, such that P max ðS opt Þ is the maximum achievable PV system output power. The optimal PV panel configuration is determined accordingly.
A prototype of the fault-tolerant PV system is implemented to substantiate the feasibility and effectiveness of our structure design and control algorithms. Figure 6 shows the prototype of the reconfigurable PV panel. The PV panel consists of 16 PV cells, each of which (except for the last PV cell) is integrated with three toggle switches. PV cells and toggle switches are mounted on top of an acrylic board, whereas connection wires are routed in the back of the board. A PV cell fault can be emulated by blocking the surface of a PV cell, since zero solar irradiance on a PV cell results in zero output current, which is equivalent to a PV cell fault.
Toggle switches in the prototype are operated manually to demonstrate the idea of fault-tolerant PV systems. In addition, we have the design of computer-controlled programmable switch set (Figure 7a ), which can be integrated into largescale PV systems. The switches are realized by a back-to-back connection of power MOSFETs (Figure 7b) .
We perform the fault-detection algorithm on this PV panel based on the Fault Existence Checking algorithm. We set the fourth PV cell in the first row as a PV cell fault by blocking the surface of it. First, when we measure the maximum output power of the PV panel, we observe an 18% output power degradation on the prototype, which is quite near the 16.5% power degradation from simulation. Second, when we measure the maximum output power of the first two rows of the PV panel, we observe a 23% output power degradation, which is again quite close to the 19.7% power degradation from simulation. We proceed until finding the location of the PV cell fault. Details are omitted due to space limitation. It demonstrates that the Fault Existence Checking algorithm effectively detects the existence of a PV cell fault.
We further perform the fault-bypassing algorithm on the panel. We reconfigure the PV panel into a 3 Â 5 configuration with the PV cell fault bypassed. We observe a 10% output power improvement over the original 4 Â 4 configuration with one PV cell fault, while the theoretical output power improvement should be 12%. In another testing example, we block the four PV cells in the bottom right corner of the panel to emulate PV cell faults. Then, we reconfigure the PV panel into a 4 Â 3 configuration with the PV cell faults bypassed. We observe a 35% output power improvement over the original 4 Â 4 configuration with four PV cell faults, while the theoretical output power improvement is 37%.
Large-scale PV system simulation is performed to compare the performance of the fault-tolerant PV system to that of the baseline PV system without any fault-tolerant design. We extract the PV cell model from the prototype. The fault-tolerant PV system employs the reconfigurable PV panel structure with 100 PV cells, and the baseline PV system has the fixed 20 Â 5 PV panel. Figure 8 shows the output power of the faulttolerant PV system and the baseline system as a function of the number of PV cell faults. For a given number of PV cell faults, 100 groups of the locations of PV cell faults are randomly generated to simulate the occurrences of PV cell faults. The red dots represent the output power of the fault-tolerant PV system, which is only related to the number of PV cell faults. The blue dots present the output power of the baseline system, which is related to both the number of PV cell faults and the locations of PV cell faults. The fault-tolerant PV system always outperforms the baseline system. Depending on the locations of PV cell faults, the output power of the baseline system may degrade significantly. If all the PV cell faults happen to the same PV cell group, the output power degradation of the baseline system is the most significant. In the fault-tolerant PV system, the output power degradation due to PV cell faults is kept small.
IN THIS PAPER, we proposed the design of faulttolerant PV systems. The proposed fault-tolerant PV systems can be applied for remote PV systems, e.g., PV systems in space, where manual PV cell fault detection and elimination are expensive and almost impossible. The fault-tolerant PV systems can minimize side effects of PV cell faults to increase the robustness. 
